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“We are trying to prove ourselves wrong as quickly as possible, 
because only in that way can we find progress.”  
Richard P. Feynman 
I have a friend who’s an artist and has sometimes taken a view which I 
don’t agree with very well. He’ll hold up a flower and say "look how 
beautiful it is," and I’ll agree. Then he says "I as an artist can see how 
beautiful this is but you as a scientist take this all apart and it becomes a 
dull thing," and I think that he’s kind of nutty. First of all, the beauty that he 
sees is available to other people and to me too, I believe, although I might 
not be quite as refined aesthetically as he is, I can appreciate the beauty 
of a flower. 
At the same time, I see much more about the flower than he sees. I could 
imagine the cells in there, the complicated actions inside, which also have 
a beauty. I mean it’s not just beauty at this dimension, at one centimeter; 
there’s also beauty at smaller dimensions, the inner structure, also the 
processes. The fact that the colors in the flower evolved in order to attract 
insects to pollinate it is interesting; it means that insects can see the color. 
It adds a question: does this aesthetic sense also exist in the lower forms? 
Why is it aesthetic? All kinds of interesting questions which the science 
knowledge only adds to the excitement, the mystery and the awe of a 
flower. It only adds. I don’t understand how it subtracts. 
Richard P. Feynman 
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Resumo 
A poliadenilação alternativa (APA) é um fenómeno amplamente conservado que 
contribui para a complexidade do transcriptoma ao dar origem a múltiplas isoformas de RNA 
mensageiro (mRNA) que diferem na sua sequência codificante ou na sua região 3’ não 
traduzida (UTR). O gene regulador do ciclo celular, polo, usa dois sinais de poliadenilação 
(pA1 e pA2) presentes no 3’UTR para produzir dois mRNAs distintos, que possuem 
diferentes eficiências de tradução. Foi anteriormente mostrado, em Drosophila, que 
organismos sem o sinal pA2 não produzem níveis suficientes de proteína Polo, o que 
provoca falhas na proliferação dos histoblastos abdominais durante a metamorfose, 
comprometendo o desenvolvimento do organismo.  
Com vista a perceber os mecanismos por trás do uso do sinal distal, procuraram-se, 
na região 3’ não traduzida, elementos reguladores putativos com importância na formação 
da extremidade 3’ do mRNA. Foram encontradas três sequências conservadas cuja 
composição nucleotídica e posição se assemelhavam a upstream sequence elements 
(USEs). Uma dessas sequências despertou particular interesse devido ao seu elevado 
conteúdo em timina. Esta sequência mostrou ser conservada, quando comparadas duas 
espécies de Drosophila distantes do ponto de vista evolutivo, e semelhante às sequências 
dos USEs de outros genes previamente descritos. Através de ensaios de clivagem e 
poliadenilação in vitro, o USE1 mostrou ser importante na poliadenilação do sinal proximal, 
pA1. Contudo, ainda não havia sido demonstrada uma função para esta sequência in vivo. 
O presente trabalho demonstra, in vivo, que o USE1 tem um papel na formação da 
extremidade 3’ usando o sinal proximal pA1 do gene polo. 
 Foi previamente mostrado que as proteínas HuR e PTB, duas proteínas de ligação 
ao RNA envolvidas em mecanismos de processamento do pre-mRNA, se ligam à sequência 
USE1 do pre-mRNA do polo. Neste trabalho, a principal questão a responder é se as 
proteínas HuR/Elav e Heph/PTB têm uma função na escolha do sinal de poliadenilação 
usado. Usando dsRNAs para o silenciamento dos genes elav e heph em células 
Schneider’s 2 de Drosophila, observou-se que o silenciamento destes genes leva a um 
aumento do uso do sinal pA1 e a uma diminuição no uso do sinal pA2. Estes resultados 
identificam a Elav e Heph como moduladores da poliadenilação alternativa do polo, uma vez 
que modificações nos níveis destas proteínas levam à alteração do padrão de 
poliadenilação do gene polo. 
 
Palavras-chave: 3’UTR; USE; formação da extremidade 3’; proteínas de ligação ao RNA; 
silenciamento mediado por RNAi; poliadenilação alternativa; polo; Drosophila melanogaster 
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Abstract  
Alternative polyadenylation (APA) is a widespread conserved phenomenon that 
contributes to the complexity of the transcriptome by giving rise to multiple messenger RNA 
(mRNA) isoforms that differ in their coding sequence or in their 3’ untranslated region (UTR). 
The cell cycle regulator polo uses two polyadenylation (pA) signals in the 3’UTR (pA1 and 
pA2) to produce two distinct mRNAs with different translation efficiencies. It had been 
previously shown that flies without pA2 do not produce sufficient Polo protein and abdominal 
histoblasts fail to proliferate during metamorphosis, compromising the organism 
development.  
In order to understand the mechanisms behind the usage of the distal pA site, 3’UTR 
was searched for putative regulatory elements important for mRNA 3’ end formation. Three 
conserved sequences were found whose nucleotide composition and position resembled 
USEs. One of these sequences seemed particularly interesting because of its high thymine 
deoxynucleotide content. This sequence is conserved between distantly related Drosophila 
species and similar to several described USEs. Therefore, the in vitro role of USE1 was 
addressed but its in vivo function had yet to be identified. Here we show that USE1 has an in 
vivo role in polo mRNA 3’ end formation at the proximal pA1 site.  
polo USE1 was shown to bind HuR and PTB, RNA-binding proteins that are involved 
in several pre-mRNA processing mechanisms. We have now asked if HuR/Elav and 
PTB/Heph have a function in polo pA site selection. Using double-stranded RNA (dsRNAs) 
for RNAi knockdown of elav and heph causes an increase in pA1 site usage and a decrease 
in pA2 levels. Taken together our results identify Elav and Heph as modulators of polo APA, 
since changes in their levels lead to alterations in the polo polyadenylation pattern.  
 
Keywords: 3’UTR; USE; 3’ end formation; RNA-binding proteins; RNAi-mediated 
silencing; alternative polyadenylation; polo; Drosophila melanogaster 
  
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
IX 
 
Mafalda Sofia Bastos Pinho  




Table of Contents IX 
Tables list XI 
Figures list XI 
Abbreviations XII 
I. Introduction 15 
1. Key players in mRNA 3’ end formation 15 
A. cis-acting elements required for mRNA 3’ end 
formation 
15 
B. trans-acting factors required for mRNA 3’end 
formation 
17 
2. USEs impact on mRNA 3’ end formation regulation 18 
A. The role of USEs in viral mRNAs 18 
B. The role of USEs in cellular mRNAs 19 
3. polo alternative polyadenylation 21 
A. Physiological significance of polo alternative 
polyadenylation 
22 
B. USE1 – an highly conserved element in polo 3’ UTR 24 
C. USE-binding proteins – are they modulators of polo 
pA site usage? 
25 
a) HuR/Elav  25 
b) PTB/Heph  26 
c) hnRNP C/CG42458  27 
Aims 28 
II. Material and methods 29 
1. Drosophila stocks 29 
2. Cell culture and freezing 29 
3. Single fly genomic DNA extraction 30 
4. Total RNA isolation 30 
5. Quantity and Quality analysis of total RNA 30 
6. DNase treatment 31 
7. cDNA synthesis 31 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
X 
 
Mafalda Sofia Bastos Pinho  
8. Oligonucleotides design 32 
9. Real-time quantitative PCR (qPCR) 32 
10. PCR and electrophoresis 35 
11. PCR products purification 35 
12. dsRNA synthesis 37 
13. RNAi in Drosophila S2 cells 37 
14. Statistical analysis 38 
III. Results 39 
1. USE1 affects polo alternative polyadenylation pattern 39 
A. Model establishment 39 
B. Real-time quantitative PCR (qPCR) optimization 40 
C. Quantification of polo mRNA isoforms expression 
levels by RT-qPCR 
41 
2. USE-binding proteins influence polo pA site selection 42 
A. In vitro transcriptions and real-time PCR (qPCR) 
optimization 
42 
B. RNAi-mediated silencing of elav causes a decrease in 
polo pA2 mRNA levels 
44 
C. RNAi-mediated silencing of heph causes a decrease 
in polo pA2 mRNA levels 
45 
IV. Discussion and future perspectives 48 
1. USE1 affects polo pA1 mRNA expression levels  48 
2. HuR/Elav and PTB/Heph modulate polo APA 49 
V. References 53 
 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
XI 
 
Mafalda Sofia Bastos Pinho  
Tables list 
Table 1 Sequences and oligonucleotide conditions used for PCR and qPCR 
amplification 
34 
Table 2 Sequences and oligonucleotide conditions used to amplify DNA 
templates  for in vitro transcriptions 
36 
Table 3 Quantification of rp49 mRNA levels in male bodies of two different 
transgenic lines and comparison with the control, w1118; gfp-polo; polo9 
41 
Table 4 Quantification of rp49 expression levels in two target samples, elav 





Figure 1. Representation of cis-acting elements involved in mRNA 3’ end formation 15 
Figure 2. The cleavage and polyadenylation machinery involved in 3’ end formation 17 
Figure 3.  Efficiency of the pA signals variants 22 
Figure 4. Levels of the longer polo mRNA isoform are critical to the correct formation of 
the adult abdomen 
23 
Figure 5. polo autoregulatory feedback loop mechanism 24 
Figure 6. gfp-polo∆pA1;polo9 flies have an abdominal phenotype identical to gfp-
polo∆USE1;polo9 flies 
25 
Figure 7. Schematic representation of the binding sites for HuR, hnRNP C and PTB 25 
Figure 8. Electropherograms run with Bio-Rad Experion RNA 31 
Figure 9. Transgenic flies contain the transgene and the polo9 allele 40 
Figure 10. polo mRNA isoforms expression levels in gfp-polo, ΔpA1 and ΔUSE1 
transgenic lines 
41 
Figure 11. Amplification of DsRed using oligonucleotides with opposing T7 promoter 
sequence at the 5’ end of each strand 
43 
Figure 12. DsRed and elav dsRNA integrity during and upon in vitro transcription     43 
Figure 13. Efficiency of RNAi-mediated silencing of elav 44 
Figure 14. polo pA2 mRNA expression is decreased after elav knockdown 45 
Figure 15. Efficiency of RNAi-mediated silencing of heph 46 
Figure 16. polo pA2 mRNA levels are decreased after heph knockdown 46 
Figure 17. Schematic representation of the proposed effect of Elav and Heph in the 
usage of the two polo pA signals 
50 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
XII 
 
Mafalda Sofia Bastos Pinho  
Abbreviations 
µg – microgram; 
µl – microliter; 
7 meG – 7-methylguanosine; 
A – adenine; 
A260 – absorbance at 260 nanometers; 
A280 – absorbance at 280 nanometers; 
APA – alternative polyadenylation; 
C – cytosine; 
C/P – cleavage/polyadenylation; 
CaMV – cauliflower mosaic virus; 
CAT – chroramphenicol acetyltranferase; 
cDNA - complementary deoxyribonucleic acid; 
CFI – cleavage factor Im; 
COX – cyclooxygenase; 
CPSF – cleavage and polyadenylation specificity factor; 
CstF – Cleavage and stimulation Factor; 
CT – threshold cycle; 
CTD - carboxy terminal domain; 
ddH2O - distilled deionized water; 
DNA – deoxyribonucleic acid; 
DNase – deoxyribonuclease; 
dNTPs – deoxyribonucleotide; 
DSE – downstream sequence element; 
DsRed – red fluorescent protein; 
dsRNA – double-stranded ribonucleic acid; 
DTT – dithiothreitol; 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
XIII 
 
Mafalda Sofia Bastos Pinho  
E – eficiency; 
EDTA – ethylenediaminetetraacetic acid; 
elav – embryonic lethal abnormal vision; 
EST – expressed sequence tag; 
FBS – fetal bovine serum; 
Fne – found in neurons; 
g – grams; 
G – guanine; 
gfp – green fluorescent protein; 
heph - Hephaestus; 
HIV-1 – human immunodeficiency virus type 1; 
hnRNP – heterogeneous nuclear ribonucleoproteins; 
HuR – ; Hu-antigen R; 
Ig – immunoglobulin; 
LTR – long terminal repeats; 
min – minutes; 
ml – milliliters; 
MLTU – adenovirus major late transcription unit; 
mM – millimolar;  
mRNA – messenger RNA; 
nm – nanometers; 
ºC – celsius degrees; 
pA – polyadenylation; 
PABPN 1 – poly (A) binding protein nuclear 1; 
PAP – poly (A) Polymerase; 
PCR - polymerase chain reaction; 
PBD– polo-box domain; 
pre-mRNA – precursor messenger ribonucleic acid; 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
XIV 
 
Mafalda Sofia Bastos Pinho  
PTB – polypyrimidine tract-binding protein; 
qPCR – quantitative real-time polymerase chain reaction; 
RACE – rapid amplification of cDNA ends; 
RBP – ribonucleic acid-binding proteins; 
rcf – relative centrifugal force; 
RNA – ribonucleic acid; 
RNA pol II – ribonucleic acid polymerase II; 
RNAi – ribonucleic acid interference; 
RNase – ribonuclease; 
RT-PCR – reverse transcription polymerase chain reaction; 
S2 - Schneider’s Drosophila line 2; 
sec – seconds; 
SV40 – Simian virus 40; 
U – uracil; 
USE – upstream sequence element; 
UTR – untranslated region; 
Wt – wild-type. 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
15 
 
Mafalda Sofia Bastos Pinho  
I. Introduction  
1.  Key players in mRNA 3’end formation 
The main processes involved in maturation of nascent mRNAs in high eukaryotes are 
capping, splicing and polyadenylation. Capping involves the addition of a 7-methylguanosine 
(7 meG) cap at the 5' end of the precursor mRNA (pre-mRNA) and splicing consists in the 
exclusion of introns and the assembly of the exons (reviewed in (1)). Regarding mRNA 3’ 
end formation, it refers to a two-step process that includes 3' end cleavage and subsequent 
polymerization of a string of adenosines to the pre-mRNA (2). The addition of a 
polyadenylation (pA) tail is known to be a co-transcriptional process (3) and it plays an 
important role in several processes such as mRNA transport from the nucleus to the 
cytoplasm and the subcellular localization of specific mRNAs, its stability and translation in 
certain developmental stages (reviewed in (2)). The polyadenylation (pA) site is defined by 
multiple cis-elements and its recognition relies on several multi-subunit protein complexes, 
the trans-acting factors, involved in 3’ end formation. In the following sections, both cis-
acting elements and trans-acting factors will be discussed. 
A. cis-acting elements required for mRNA 3’end formation  
 Specific sequences on the precursor RNA play a crucial role in determining the 
efﬁciency of mRNA 3’ end formation in a given cellular environment. The cis-acting elements 
involved in this process consists of an AAUAAA hexamer or a variant of this, a U- or GU-rich 
downstream element (DSE), and other auxiliary sequences including the U-rich upstream 
sequence element (USE) (Figure 1). 
 
The first signal to be recognized by the cleavage/polyadenylation (C/P) machinery is 
the pA signal, AAUAAA or a variant of this hexamer. The pA signal AAUAAA was first 
identified in six different mRNAs by Proudfoot and Brownlee (4) and was shown to be 
present in the majority of the genes and to have a relevant role in mRNA processing both in 
Figure 1. Representation of cis-acting elements involved in mRNA 3’end formation. U-rich and U/GU-rich sequences that are 
typically found upstream and downstream of the pA signal are named USE (upstream sequence element) and DSE (downstream 
sequence element), respectively. The sequence AAUAAA is the most conserved pA signal in both humans and Drosophila and the 
cleavage site is typically defined by a CA dinucleotide. Adapted from (2). 
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vivo and in vitro (5-7). While AAUAAA is the most conserved sequence, AUUAAA is the 
most common variation of this canonical signal both in humans and Drosophila (8-10). 
Although there are several other variants in the genome, they are present in a very low 
frequency and demonstrate a strong reduction on the efficiency of cleavage and 
polyadenylation (6, 11). The hexamer is necessary for both the cleavage and the 
polyadenylation reactions (6, 7, 11) because it binds important protein factors of the 
cleavage and polyadenylation (C/P) machinery. 
Downstream sequence elements are also important to determine the efficiency of a pA 
site because of their importance to the cleavage reaction. The best characterized auxiliary 
downstream element is a G-rich sequence of the Simian virus 40 (SV40) late mRNA (12). 
Deletions as well as point mutations in this G-rich sequence lead to a decrease in the 
polyadenylation efficiency (13). Despite being present in the majority of the genes (14), the 
motif itself is poorly conserved, and its main function has been assigned to stabilize the 
binding of a multiple sub-unit complex of the C/P machinery, the cleavage and stimulation 
factor (CstF) (15).  
Before the addition of a pA tail the pre-mRNA is cleaved. The cleavage site and its 
efficiency are influenced by the position of the pA signal relative to a DSE (16). The site of 
cleavage is determined by a single nucleotide preference in the following order: A > U > C > 
G (16). Typically, endonucleotic cleavage occurs at a CA dinucleotide and studies with 
thrombophilia have shown that pro-thrombin mRNA 3’ end formation efficiency is related to 
this dinucleotide. Changes in the dinucleotide affect the efficiency of the reaction and lead to 
alterations in the amount of mRNA and protein produced (17, 18). Briefly, a change in the 
CG dinucleotide to either TG (18) or CA (17), increases dramatically the levels of pro-
thrombin, increasing the risk of developing thrombosis. 
The best characterized auxiliary elements localized upstream of the pA signal, are the 
upstream sequence elements (USEs). These U-rich sequences were originally identified in 
viral mRNAs. Like DSEs, USEs are poorly conserved but they were shown to modulate the 
recognition of pA signals. Both USE and DSE elements were shown to be present in the 
vicinity of all types of those pA signals that are used, canonical or weak variations, but they 
were essentially absent in the surrounding area of the silent pA sites (hexamers that are not 
used as pA signals). This suggests that the presence of a USE and/or DSE differentiates 
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B. Trans-acting factors required for mRNA 3’ end formation  
The cleavage of the pre-mRNA and the addition of a pA tail require the recognition 
and the subsequent binding of the core C/P machinery to the cis-acting elements previously 
described. The core elements of the C/P machinery include many polypeptides and most of 
them included multi-subunits complexes (20) (Figure 2). The basal C/P machinery is 
composed by four different protein complexes and several single proteins. The Cleavage 
and Polyadenylation Specificity Factor (CPSF), that binds to the AAUAAA is composed by 5 
subunits: CPSF-160, CPSF-100, CPSF-73, CPSF-30 and Fip1 (21); the Cleavage 
stimulation Factor (CstF) includes 3 subunits: CstF-77, CstF-64 and CstF-50; the Cleavage 
Factor Im includes: CFI-68, CFI-59 and CFI-25 and the Cleavage Factor IIm containing Pcf11 
and Clp1. Also part of the C/P machinery is the RNA Polymerase II (RNA pol II), Symplekin, 
Poly (A) Polymerase (PAP) and Poly (A) Binding Protein Nuclear 1 (PABPN 1). 
 
Figure 2. The cleavage and polyadenylation machinery involved in mRNA 3’ end formation. The CPSF complex 
recognizes the pA signal; CPSF160 binds the AAUAAA signal and CPSF-73 executes endonucleolytic cleavage, preferably at 
CA dinucleotide. The CstF complex recognises the downstream sequence element (DSE) via the CstF-64 subunit. The 
numbers inside the boxes represent the members of each complex. Adapted from (20). 
CPSF recognizes and binds to the pA signal hexamer through its CPSF-160 subunit 
(22). The CPSF-73 is the nuclease responsible for pre-mRNA cleavage (42). The CstF 
usually bind to the DSE via direct interaction of its CstF-64 subunit (23). CFIm bind to UGUA 
motifs upstream of the cleavage site and stimulates binding of CPSF to pre-mRNA through a 
functional interaction with Fip1 (24, 25). Other proteins that also contribute for pre-mRNA 3’ 
end formation are PAP that adds a pA tail to the newly formed 3’ end (26-28) and the 
scaffold protein symplekin (29). PABPN1 binds to the pA tail and is involved in the export of 
the mRNA to the cytoplasm. Cleavage and polyadenylation are co-transcriptional reactions 
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that are connected to other processes mediated by RNA polymerase II (RNA pol II). The 
carboxy terminal domain (CTD) of RNA pol II acts as a platform to recruit important factors 
for this reaction, e.g. CstF (30), and thus it is considered to be part of the machinery (31). 
2. USEs impact on mRNA 3’end formation regulation  
A. The role of USEs in viral mRNAs 
USEs were initially demonstrated to be U-rich sequences present upstream of the pA 
signal of many viral mRNAs and that were functionally interchangeable in different virus. 
Viruses (retroviruses, hepatitis B viruses (hepadnaviruses) and caulimoviruses) as well as 
many families of transposable elements produce unspliced, terminally redundant RNA 
molecules that serve as the template for reverse transcription and the pA signals are 
contained within each terminal repeat. Thus, for the synthesis of full length transcripts these 
signals must be ignored in the upstream portion (5’ terminal repeat) of the RNA and 
recognized in the 3’ terminal repeat. Viruses are capable of modifying the polyadenylation 
pattern of infected cells, sometimes in order to differentially express viral genes during the 
course of replication and in other cases as a way to supress the synthesis of cellular mRNAs 
in order to the viral ones to prevail (reviewed in(2)).  
Simian Virus 40 (SV40) is a DNA virus with early and late phases of infection being 
differentially regulated. The 3’ end formation was shown to be more efficient in the late than 
in the early pA signal, resulting in higher levels of steady-state mRNA. It was also shown that 
deletion of the sequences upstream of the late pA signal drastically decreased the pA site 
usage, identifying an USE (32). Therefore, the first identification of USEs came from the 
study of the late polyadenylation signal of SV40 also with the concomitant knowledge about 
the ability of this USE to confer the signal its exceptional strength.  
The mechanism behind the differential pA site usage in the hepatitis B viruses was 
examined in 1990. The results disclosed multiple USEs, functionally analogous to other 
USEs existing in other retroid elements, which are required for correct pA site usage. (33).  
In plants, experiments on cauliflower mosaic virus (CaMV) have shown that deletion 
of sequences upstream the pA signal result in a dramatically decreased processing at the 
CaMV pA site, also suggesting the presence of USEs with a positive role in the pA site 
usage (34).  
The Adenovirus major late transcription unit codes for five collinear mRNA families, 
L1 to L5, each characterised by a unique pA site. In this case pA site usage is regulated 
according to the course of infection, with L1 being produced at early stages of infection and 
L2-L5 produced in late stages of infection. In 1989, the cis-acting elements located upstream 
of the pA signal were found to be responsible for L1 pA site choice (35).  
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Studies on the regulation of polyadenylation in the human immunodeficiency virus 
(HIV) showed that USE has a crucial role in enhancing the processing efficiency at the 3’ 
long terminal repeats (LTR) (36-39). Brenton Graveley and Gregory Gilmartin showed in 
1996 that the same USE increased the stability of binding of CPSF to the pA signal. The 
authors proposed this could be a general strategy for viral pA site selection (40).  
B. The role of USEs in cellular mRNAs  
USEs were also found to be present in cellular mRNAs. The first non-viral example 
was discovered in the C2 complement pre-mRNA (41). Although DSEs increase the 
efficiency of pA site specified by the adjacent hexamer, because they bind CstF, these 
elements are absent in the C2 complement pre-mRNA. Instead, the C2 pre-mRNA 
possesses an USE that activates mRNA 3’ end formation, such as in the viral USEs (41). In 
1998, Moreira et al. showed that the C2 complement USE enhanced both the cleavage and 
polyadenylation in vitro reactions and also that it could bind polypyrimidine tract-binding 
protein (PTB). Mutations on PTB binding site lead to a reduction in the efficiency of C2 
mRNA 3’ end formation both in vivo and in vitro. It was also shown that CstF-64 could also 
bind the C2 USE and that PTB and CstF compete for the binding to the USE. Therefore, a 
precise control of the levels of PTB and CstF in the cell are necessary for efficient usage of 
the C2 pA signal (42, 43).  
One of the best known examples of regulated pA site selection is the immunoglobulin 
(Ig) M secretory, which occurs during B cell differentiation. It was proposed that regulation 
occurs by a complex set of factors, including competition with the splicing machinery, the 
presence of USEs and modulation in the binding of CstF to GU-rich DSEs required for 
polyadenylation to occur. When the USE was mutated, in the presence of a canonical pA 
signal 3’ end formation still occurred, but when a non-canonical signal was used, there was a 
significant reduction in the efficiency of the mRNA 3’ formation. Furthermore, USEs can 
retain a low level of polyadenylation activity in the absence of a functional pA signal 
sequence (44). 
 In 2002, highly conserved USEs were identified in three human collagen genes: 
COL1A1, COL1A2, and COL2A1. Apart from their structural role, collagen genes are 
important players in tissue development. By mutational analysis and cell transfections, USEs 
were shown to increase collagen polyadenylation efficiency both in vitro and in vivo. 
Moreover, it was also shown that the insertion of the USE motif of the SV40 pre-mRNA 
nearby a weak pA signal, such as the one present in adenovirus IVA2, can enhance 3’ end 
formation (45). 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
20 
 
Mafalda Sofia Bastos Pinho  
Cyclooxygenases (COX) are important enzymes in the production of prostaglandins. 
COX-1 is constitutively expressed while the activation of COX-2 expression is dependent on 
the stimulation through several signals. Bioinformatic analysis revealed that the human 
COX-2 gene has two different pA sites used in a tissue-dependent manner. In 2005, Hall-
Pogar et al. revealed that COX-2 USEs play a role in the regulation of 3’end formation. First, 
by in vivo polyadenylation assays in several cell lines, they demonstrated the presence of 
USEs of the proximal COX-2 pA signal. Secondly they showed that mutations in the USE 
sequence result in a significant decrease of the usage of this signal. Finally, they showed 
that the distance between USE and the pA signal is important for their function (46).  
USEs were also found in the prothrombin (F2) mRNA. The main biological role of 
thrombin is in the regulation of the blood coagulation cascade. Essentially, it functions as a 
procoagulant as well as an anticoagulant, thus regulating homeostasis (47). Pro-thrombin 
pre-mRNA cleavage site is inefficient, however, a common mutation has revealed a gain-of-
function of the 3’ end processing mechanism. This mutation is sufficient to revert the 
physiologically inefficient pre-mRNA cleavage site into a most favourable CA cleavage site, 
resulting in an increase in the levels of pro-thrombin mRNA and protein. In 2004, 
Danckwardt et al. revealed that prothrombin mRNA 3’ end is characterized by a weak 
downstream CstF binding site. In addition, they showed that there was an increase in the 
efficiency of the 3’ end formation when U-rich elements were added upstream the pA signal. 
They also showed that despite the low-efficiency of the cleavage reaction and the CstF 
binding, the pA signal continued to be recognized because of the presence of U-rich USEs 
(47). Additionally, they identified the USE-binding proteins and characterised their action as 
trans-acting factors inducing pro-thrombin mRNA 3’ end formation as U2AF35, U2AF65 and 
PTB, revealing another gene where the splicing and 3’ end formation machineries 
interconnect in a USE-dependent manner (48).  
USEs appear to have a significant role in genes with non-canonical pA signals, as 
these are weaker and therefore more prone to regulation (8, 44, 45). Auxiliary upstream U-
rich elements are required in these signals to promote efﬁcient mRNA 3’ end formation. 
Altogether, these findings lay emphasis on the importance of unravel all the players involved 
in an accurate mRNA 3’end formation. This is particularly important in genes with multiple pA 
signals, as regulation of pA site selection represents an important mechanism for spatial and 
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3. polo alternative polyadenylation 
The mechanism through which more than one pA signal of the pre-mRNA becomes 
polyadenylated is named alternative polyadenylation (APA) (49). According to the pA signals 
position, APA can produce mRNAs that differ in their 3’ untranslated region (UTR) length or 
can generate mRNAs encoding different proteins and ultimately no protein at all. Thus, APA 
is an important regulatory event in gene expression. Through alteration of the 3’UTRs length, 
APA can regulate processes such as mRNA stability, cellular localization and translation 
efficiency in certain developmental conditions (50). This is achieved by the binding of RNA-
binding proteins (RBPs) to the 3’UTRs or targeting by microRNAs. RBPs may recognise 
consensus RNA sequence motifs, more degenerate sites and RNA secondary structures. 
Some of them act positively in gene regulation, for instance enhancing mRNA translation or 
stability while other RBPs can function as negative regulators by inducing specific 
mechanisms such as mRNA decay or translation inhibition. Different RBPs often compete for 
binding to the same mRNA sequence giving rise to dynamic post-transcriptional control 
mechanisms (42, 51, 52). APA in the 3’ UTR diversiﬁes the 3’ UTR length that may be held 
in, or can escape from, regulation by RBPs or, eventually, silencing by micro-RNAs. The 
polo gene has two pA signals in the 3’UTR that are used to produce two mRNAs and this 
mechanism may be regulated by USE-binding proteins. polo codes for an important cell 
cycle kinase and it was the first described member of the Polo-like kinase family (53). This 
family includes extremely conserved serine/threonine proteins that share a common domain 
crucial for protein-protein interactions, the Polo-box domain (PBD) (54). Over the years, polo 
has been found to be involved in several biological processes: mitotic entry, spindle 
organization, mitotic progression and mitotic exit, rendering it a master regulator of the cell 
cycle (55). The two polo mRNA isoforms differ in the 3’UTR length due to the utilization of 
two pA signals by alternative polyadenylation (56). The transcripts also differ in the 5’UTR 
region, however, they have the same open reading frame and encode for the same protein, 
Polo. Both of the pA signals found in the 3’UTR are non-canonical, the first signal, AUUAAA, 
is the most common variation of the AAUAAA (the canonical signal) both in humans and 
Drosophila melanogaster. The other pA signal, AAUAUA is a more divergent variation of the 
canonical (being present only 5-10% of the Drosophila genes) (57) (Figure 3).  
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A. Physiological significance of polo alternative polyadenylation  
Considering polo pA signals divergence from the canonical hexamer AAUAAA, the 
pA1 (proximal signal) is stronger than the pA2 (distal signal). Llamazares et al. showed that 
the 3’ end formation occurs approximately 2-fold more efficiently in pA1 than in pA2 by 
Northern blot analyses (58). Therefore, it would be predictable that the shorter mRNA, the 
one using pA1, would have a more relevant function than the longer mRNA. If this would be 
the case, the longer mRNAs would be redundant and would not severely affect the amount 
of protein levels. To understand the biological role of polo pA signals, Pinto et al constructed 
transgenic flies producing only one polo mRNA isoform. Briefly, three constructs were 
produced using a previously described transgene gfp-polo as a template (59). The first 
includes the complete sequence of the 3’UTR with the two intact pA signals, the second 
included point mutations in pA1 (ATTAAA to GTTAAC), preventing it to be recognized and 
allowing only the expression of the longer isoform and the third transgene was made by 
deletion of pA2 and the entire downstream region, thus compromising the expression of the 
longer mRNA. To ensure that flies would express only one polo mRNA, the polo9 allele was 
used (60). polo9 was generated by P-element mediated mutagenesis and the P-element was 
inserted at position -34 upstream of the initiator ATG codon of the Polo protein. The insertion 
of this element results in a barely detectable amount of Polo protein levels. For this reason 
homozygous individuals for polo9  die at late third instar larval stage with the brains 
presenting a high mitotic index as a result of an arrest in pro-metaphase/metaphase stage of 
the cell cycle (60). Therefore, flies carrying gfp-polo, gfp-polo∆pA1 or gfp-polo∆pA2 
transgenes in a polo9 /TM6B background were generated.  
The analysis of the APA-derived phenotypes gave valuable insights on the 
importance of each polo transcript. The gfp-polo∆pA1; polo9 flies present a very mild 
phenotype in the abdomen (Figure 4). In spite of the absence of the shorter isoform, most of 
the transgenic flies survived. But the absence of the longer polo in gfp-polo∆pA2; polo9 flies 
leads to the dead of the flies with severe abdominal abnormalities (Figure 4). The phenotype 
Figure 3. Efficiency of the pA signals variants. The AAUAAA and AUUAAA are the first and the second variants most efficient 
in both Human and Drosophila. Adapted from (57).  
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
23 
 
Mafalda Sofia Bastos Pinho  
is characterized by the absence or incorrect formation of tergites. This is an evidence of the 
importance of the longer polo transcript in the correct formation of the adult abdomen (56).  
 
By luciferase assays, Pinto et al. showed that pA2 is responsible for more than 50% 
of the Polo levels (56).As Polo is a limiting factor in the cell cycle, the most plausible 
explanation for the gfp-polo∆pA2 flies’ phenotype was that Polo protein produced by using 
the shorter isoform is not sufficient to ensure the rapid proliferation of histoblasts at the onset 
of metamorphosis. Since proliferation was disrupted it leads to an inaccurate development of 
the adult epidermis resulting in abdominal malformation, and more importantly, lethality (56).  
Other experiments using GAL4/UAS showed that an overexpression of Polo results 
in a switch in the pA site selection, from pA2 to pA1 signal recognition. Therefore, a down-
regulation of Polo expression occurs since pA1 produces a functional transcript but that is 
not efficiently translated. Such results suggest an autoregulatory feedback loop mechanism 










Figure 4. Levels of the longer polo mRNA isoform are critical to the correct formation of the adult abdomen. Adult 
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B. USE1 – an highly conserved element in polo 3’ UTR 
To understand what regulates the switch in the pA signal used, the 3’UTR was 
searched for conserved sequence motifs (61). Using in silico analysis, the genomes from 
twelve Drosophila species and also mosquito (A. gambiae), honeybee (A. mellifera) and the 
beetle (T. castaneum) were aligned and using Phastcons three different conserved 
sequences were found:USE1, USE2 and USE3. The first sequence was considered the best 
candidate for further investigation because, although it is not the most conserved, it is the 
most T-rich element and resembled the USEs already described for other genes.  
To study the physiological function of the USE1, flies with a deletion in USE1 (gfp-
polo∆USE1; polo9) were generated. The phenotype for both USE1 and pA1 transgenic 
flies is very similar (Figure 6) showing that a deletion of pA1 signal has the same 
physiological result that the deletion of the regulatory element USE. This suggests that 
USE1 functions in pA1 site usage. 
Figure 5. polo autoregulatory feedback loop mechanism. When Polo is overexpressed, pA1 signal is predominantly 
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Figure 6. gfp-polo∆pA1;polo9 flies have an abdominal phenotype identical to gfp-polo∆USE1;polo9 flies. Adult abdomen 
of gfp-polo, gfp-polo∆pA1and gfp-polo∆USE1 flies in a polo9 homozygous background is depicted in the figure. Adapted from 
(61). 
With the purpose of understanding how USEs could regulate polo pA site choice, 
Pinto et. al. searched for proteins that could bind these sequences, using U.V. crosslinking 
assays. Heterogeneous nuclear ribonucleoprotein (hnRNP) C and PTB were found to bind 
USE1 and USE3. HuR was the only protein that was found to bind specifically to USE1 and 
does not bind upstream of the second pA site while the other two proteins are also capable 
of binding upstream the pA2 (Figure 7). 
 
C. USE-binding proteins – are they modulators of polo pA site usage? 
a) HuR/Elav  
Elav (embryonic lethal abnormal vision) was originally identified in Drosophila. Later 
on, Elav structural homologues have been identiﬁed in a wide range of organisms, including 
humans, suggesting an important conserved role for the protein (62). The name embryonic 
lethal abnormal vision emerged from the finding that, in Drosophila melanogaster, the lack of 
this gene leads to embryonic lethality in null mutants and to deficiencies in the visual system 
in hypomorphic alleles.  In mammals ELAV-like 1 gene (HuR) is ubiquitously expressed 
while the other members of the family for instance ELAVL2 (HuB), ELAVL3 (HuC), and 
ELAVL4 (HuD) are the neuron-specific members of this family.  
Figure 7. Schematic representation of the binding sites for HuR, hnRNP C and PTB. HuR binds specifically to the USE1 
and PTB and hnRNP C bind to the USE1 and USE3. Adapted from (61). 
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elav encodes a neuronal nuclear RBP with a specific role in the alternative splicing of 
some target mRNAs (63, 64) inclusive its own mRNA (65) and alternative polyadenylation 
(66, 67). The Elav family in Drosophila contains two additional members expressed in 
neurons, Fne (found in neurons) and Rbp9 (RNA-binding protein 9). Rbp9 is also expressed 
in gonads. The family of Elav/Hu proteins is important at many steps of post-transcriptional 
regulation of gene expression, from nuclear events, such as alternative splicing and 
alternative polyadenylation, to cytoplasmic events such as the regulation of mRNA stability, 
localization and translation. Past studies showed that this protein is required for alternative 
splicing of armadillo (arm), neuroglian (nrg), and erect wings (ewg), stimulating the 
production of neural-specific isoforms (68, 69). Interestingly, Elav has been found to function 
by suppressing proximal pA signals, thereby allowing read through of elongating polymerase 
II complexes. The data reveals another nuclear role of elav in the fly which is the inhibition of 
mRNA 3’-end processing by binding at the vicinity of a pA site (69). Furthermore, it was also 
shown that ectopic expression of Elav in non-neural tissues induces ectopic expression of 
longer mRNA isoforms. This was the first evidence that Elav coordinates the expression of 3’ 
UTR extensions during neural development (66). More importantly, Zhu et al. using in vitro 
polyadenylation assay had previously shown that Hu proteins selectively block both 
cleavage and polyadenylation at sites containing U-rich sequences similarly to the previously 
described USEs. Moreover, Hu proteins do not have an effect on pA sites that do not contain 
U-rich sequences or sites in which the U-rich sequences are mutated (70). Recently, 
Rogulja-Ortmann et al. identified Elav as a key regulator of Ultrabithorax (Ubx) RNA 
processing, expression and function within the Drosophila embryonic central nervous system 
(CNS). They also showed that Elav is able to modify the alternative polyadenylation pattern 
(67). Given that Elav regulates alternative polyadenylation of different genes, that the 
majority of pre-mRNAs are alternatively polyadenylated and that USEs are regulators of 
polyadenylation, then, understanding how Elav/Hu proteins regulate alternative 
polyadenylation is crucial.  Altogether, these findings suggest that due to the Elav 
involvement in several steps of mRNA processing, all the way from the nucleus to the 
cytoplasm, it is likely that it makes an extensive spectrum of interactions with several cellular 
factors, especially with other RBPs.  
b) PTB/Heph  
Another RNA-binding protein that binds to polo USE1 is hnRNP I/PTB. hnRNPs 
proteins bind pre-mRNA molecules in the nucleus and promote the correct mRNA 
processing, nuclear export and metabolism. PTB has the ability to shuttle between the 
nucleus and cytoplasm (71). In the nucleus, PTB acts as an auxiliary factor in alternative 
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splicing (72-80) and polyadenylation (42, 43, 48, 76) while in the cytoplasm it is involved  in 
post-transcriptional regulation processes such as translation (81, 82). One of the roles of 
PTB in 3’end processing was elucidated when it was shown that PTB enables the hnRNP H 
binding to upstream and downstream auxiliary elements which in turn stimulates the 
assembly of 3’ end processing factors (PAP and CstF), promoting both cleavage and 
polyadenylation (83). 
In Drosophila, Hephaestus (heph) encodes the homologue of mammalian PTB (84). 
Drosophila PTB was also shown to be involved in oskar mRNA processing. It binds to 
multiple sites in the 3’UTR of oskar pre-mRNA inhibiting its translation while unlocalized, and 
activating its translation when the mRNA arrives to the posterior pole of the oocyte (85). In 
the model suggested PTB stimulates the formation of compacted RNP particles with oskar 
RNAs, thus inhibiting the access of the translation machinery. It still remains to be shown if 
Drosophila PTB is able to regulate alternative polyadenylation.  
c) hnRNP C/CG42458  
The third RNA-binding protein that was found to bind to polo USE1 is hnRNP C. The 
hnRNP C protein exhibits two different isoforms, hnRNP C1 and hnRNP C2 (86) that present 
multiple functions in the eukaryotic cells. The binding of hnRNP C1/C2 to 3′UTRs and 
subsequent stabilization of speciﬁc mRNAs has been well documented (87-90) and they 
were also found to have a role in splicing (91). 
In 1990, it was found that hnRNP C is likely to bind to the UUUUU sequence and that 
this element can restore the efficiency of 3’ end formation of three independent pA sites (92). 
Christian et al. showed that hnRNP C1/C2 binds p53 mRNA and regulates p53 expression 
via specific binding to regulatory cis-element identified in the 5’ coding region of the gene 
(93). 
 
Although it is clear that APA is a wide-spread mechanism for the control of gene 
expression that ultimately result in significant biological consequences, the mechanisms 
underlying pA site selection, in particular in Drosophila, still remain to be clarified. 
Investigating these mechanism and the role of RBPs in such regulation could provide 
valuable insight about the switch in the polyadenylation pattern and consequently in gene 
expression in specific tissues. 
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4. Aims  
Previous results show that the cis sequence element USE1, localized upstream of 
polo pA1, binds HuR/ELAV and PTB/Heph. However, their role in polo mRNA isoforms 
expression regulation was not investigated so far. Therefore the aims of this thesis were to 
determine if the USE1 sequence has a role in polo pA site usage and to elucidate the 
function of these trans-acting factors in polo mRNA 3’ end formation and APA..   
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II. Material and methods 
1. Drosophila stocks  
Transgenic flies w1118; gfp-polo; polo9/TM6B, w1118; gfp-polo∆pA1; polo9/TM6B and 
w1118; gfp-polo∆USE 1; polo9/TM6B used in this study have been previously characterized 
(61). Adult flies were selected regarding their gender and genotype and only males 
homozygous for polo9 in the third chromosome were collected for further studies. The 
phenotypical trait that differs between the homozygous or heterozygous is based on the 
presence of TM6B. TM6B is a balancer chromosome and Humeral (Hu) allele is the 
dominant marker. Homozygous flies present the wild-type (WT) phenotype that corresponds 
to the presence of two bristles. Heterozygous flies present additional Hu bristles with some 
being slightly shorter than normal. The heads and bodies of the homozygous flies were 
collected separately, frozen in 0.2 ml of TRIzol (Invitrogen) and stored at -80oC. 
During the course of the experiments flies were maintained at 25ºC using standard 
culture conditions and transferred to new vials with fresh medium every 3 days. Fly culture 
medium was composed by mixture A (2000 ml distilled deionized (ddH2O) + 103 ml Honey + 
24 g Agar) and mixture B (1000 ml ddH2O+240g Cornmeal + 54 g Yeast extract + 30 g Flour 
of soy + 60 g Malte). Mixture B was added to the previously boiled mixture A and heat until 
boiling for 35 min. The final mixture was allowed to reach at least 60ºC before adding 17.4 
ml of propionic acid (85% (v/v)). 
2. Cell culture and freezing 
Schneider’s Drosophila line 2 (S2 cell line) was derived from a primary culture of late 
stage (20-24 hours old) Drosophila melanogaster embryos. Some features of this cell line 
suggest that it is derived from a macrophage-like lineage. Cells were kept in 25 cm2 culture 
flasks without ventilation (Starstedt) in a cell culture incubator at 25oC with no CO2. Cells 
were routinely sub-cultured every 3-4 days in Schneider’s Insect medium (Sigma) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco). Cells were 
detached from the culture surface by gently pipetting up and down and reseeded in new cell 
culture flasks at a 1:5 ratio of cell suspension to fresh medium. Cells were not grown 
continuously for over six months in order to avoid the accumulation of small changes. For 
that, several stocks of cells were frozen in order to be used when necessary. Cells were 
frozen as follows: first they were grown to subconfluence of approximately 1-2 x 107 cells/ml. 
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Secondly, they were removed from flask and centrifuged at 1200 rpm 5 min. The medium 
was discarded and cells were resuspended at approximately 1.1 x 107 cells/ml in freezing 
medium  (FBS + 10% DMSO, filtered). Finally, 1ml cell suspension was aliquot per cryovial 
and stored. 
3. Single fly genomic DNA extraction 
Each fly was collected and placed in a 0.5 microcentrifuge tube. The squishing buffer 
was prepared according to the following: 10 mM Tris-HCl pH 8.2, 1 mM EDTA, 25 mM NaCl 
and Proteinase K was added to a final concentration of 200 µg/ml.  Fresh Proteinase K was 
added each time. Flies were mashed for 5 - 10 seconds with a pipette tip containing 50 µl of 
squishing buffer and incubated at room temperature for 20-30 minutes. Proteinase K was 
inactivated by heating to 95 °C for 1-2 minutes. 1µl of DNA was then used to the PCR 
reaction.  
4. Total RNA isolation 
Total RNA from cells/tissues was isolated using TRIzol Reagent (Invitrogen) according 
to the manufacturer’s instructions, but with some modifications for fly tissues. Twenty flies 
(frozen as mentioned above) were homogenized with a disposable plastic pestle and 0.8 ml 
of TRIzol was added to the mixture. Samples were incubated at room temperature for 5 min 
and insoluble debris such as exoskeleton was removed by centrifugation at 4oC (12.000 rcf, 
10 min). Supernatant was collected into new microcentrifuge tubes, chloroform (200µl) was 
added, and tubes were vigorously shaken by hand for 15 sec. After a 3 min incubation at 
room temperature the mixture was centrifuged (10.000 relative centrifugal force (rcf)) for 15 
min at 4oC. The upper aqueous phase where RNA remains was then transferred to a new 
RNase-free microcentrifuge tubes. Total RNA was precipitated by mixing with 500µl of 
isopropanol and incubated at room temperature for 10 min. Tubes containing the 
precipitated RNA were centrifuged at 12.000 rcf for 10 min (4oC), the supernatant was 
removed and the pellet was washed with 1 ml of 70% ethanol. The supernatant was once 
again removed after a 5 min centrifugation at 5.000 rcf at 4oC and the RNA pellets were 
allowed to dry for 10 min at room temperature. Finally, the isolated RNA was resuspended in 
30 µl of RNase-free water previously heated to 55ºC. 
5. Quantity and Quality analysis of total RNA  
Total RNA was quantified by measuring the absorbance of each sample at 260 nm 
(A260) in a NanoDrop 1000 spectrophotometer (Thermo Scientific). One unit of A260 
corresponds to 40µg/ml of RNA (94). Additional measurements were made at 230 nm and 
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280 nm to assess the purity of each RNA sample. Nucleic acids absorb at 260 nm, proteins 
mostly at 280 nm and organic compounds (such as phenol) at 230nm, thus RNA purity was 
considered satisfactory when A260/A280 ratio was above 1.9 and the A260/A230 ratio was in the 
2.0 - 2.2 range. 
6. DNase treatment 
Prior to reverse transcription polymerase chain reaction (RT-PCR) samples were 
treated with RNase-free DNase I (Roche) for 30 min at 37oC: 12 U of DNase I, 1x Incubation 
buffer, 1µg of total RNA and RNase-free water up to 12 µl. To stop the reaction, 8 mM of 
EDTA (pH=8) was added and the sample was heated to 75oC for 10 min. The RNA integrity 
was analysed using an Experion RNA StdSens Analysis Kit (Bio-Rad) with and Experion 














By running RT minus control, it was possible to confirm that there was no genomic DNA 
detected by real-time polymerase chain reaction (qPCR) after the DNase I treatment. 
7. cDNA synthesis 
For complementary DNA (cDNA) synthesis, random hexamers (2.5 µM, Sigma-
Aldrich), deoxyribonucleotides (dNTPs) (0.5 mM, Thermo Scientific) and 1µg of RNA were 
mixed and incubated for 5 min at 65 oC on a 48-well TPersonal Thermocycler (Biometra). 
Followed by 5 min on ice, 1x First-Strand Buffer (Invitrogen), 5mM dithiothreitol (DTT) 
(Invitrogen), 1 U/μL RiboLock RNase Inhibitor (Thermo Scientific) and 5 U/μL SuperScript III 
Figure 8. Electropherograms run with Bio-Rad Experion RNA Integrity of RNA samples after the DNase treatment. 
The ladder is presented on the left and the RNA sample on the right. Drosophila 28S rRNA is processed into 2 
fragments that migrate in a similar manner to the 18S rRNA. 
Ribossomal subunits 
FCUP 
Unravelling molecular mechanisms of polo alternative polyadenylation 
32 
 
Mafalda Sofia Bastos Pinho  
Reverse Transcriptase (Invitrogen) were added to the reaction and gently mixed. Samples 
were then incubated for 5 min at 25oC, 60 min at 50oC and 15 min at 70 oC.  
8. Oligonucleotides design 
All oligonucleotides (Sigma-Aldrich Quimica SL) were designed with Primer3 (95, 96). 
Oligonucleotides used in PCR and qPCR quantifications are listed in Table 1 and 
oligonucleotides used to amplify the fragments for in vitro transcriptions are listed in Table 2. 
Oligonucleotides for in vitro transcription were designed according to the cDNA or exon 
sequences of the target gene, preceded at the 5’ end by the T7 promoter sequence 
(TAATACGACTCACTATAGGGA, the transcription start site for T7 RNA polymerase is 
underlined). A BLAST analysis was done to ensure that oligonucleotides do not contain 
complete 19-mer homology to other Drosophila genes and thus, ensure that dsRNA is 
specific for the target gene (97). 
9. Real-time quantitative PCR (qPCR) 
For gene expression quantifications by RT-qPCR the efficiency of the qPCR 
oligonucleotides was assessed by a cDNA serial dilution (1:10) standard curve. The cDNA 
dilutions included ranged from the lowest to the highest expression levels of each target 
being quantified. Plotting the dilution factor against the threshold cycle (CT), obtained for 
each dilution, results a linear regression from which the amplification efficiency (E) can be 
calculated: 
 
Considering that a given PCR amplicon doubles its amount during the geometric 
phase of the amplification, then a 100% efficient PCR reaction can be characterized by  
and therefore, 
 
This implies that the slope of the cDNA serial dilution (1:10) standard curve should be 
-3.32. As such, different annealing temperatures and oligonucleotide concentrations were 
tested in order to obtain the highest possible efficiency (90-110%). Each qPCR reaction 
contained 1 µl of cDNA, 0.5x of SYBR Select Master Mix (Invitrogen), variable 
concentrations of each oligonucleotide pairs (Table 1) and ddH2O up to 20μl. 
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Reactions were performed in a StepOne Real-time PCR System thermocycler (Applied 
Biosystems) with the following program: 2 min at 50ºC; 2 min at 95ºC, 40 cycles of 15 sec at 
95 °C, 15 sec at the respective annealing temperature and 1 min at 72ºC.The housekeeping 
genes tested to standardize the amount of sample added to each reaction were the 
Ribosomal protein L32 (rp49, FBgn0002626) and the Signal recognition particle (7SL, 
FBgn0000003). 
Gene expression quantifications were performed by the ∆CT method. This method 
assumes maximal amplification efficiencies (90-110%) for both target and reference genes 
to enable the relative quantification of the target gene in the different samples. The following 
equation was therefore used: 
 
RNAi experiments were analysed using the 2-ΔΔCt method, which uses the same 
mathematical assumptions. This method directly compares the target gene expression level 





Since the qPCR oligonucleotides were previously designed and optimized for maximal 
efficiency , the fold-change of the target gene in the test sample 
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Table 1. Sequences and oligonucleotide conditions used for PCR and qPCR amplification: amplified product length (bp), annealing temperature (ºC) and the concentration (µM) used. 















CCGTACAACATGTGCCGTAG CTTTAGACACGCCGTTCTCC 176 58 0.15 
polo pA2 ACGTGTTTCGAAATGCCTAT ACACTTAAACACTTTGCAGCAG 162 58 0.5 
cg42458 ACGTCAAGCTGCTGAATGG AAGGTACGGACAATGCAAGC 100 58 0.3 
heph ATCACACGTATCGGCTTTCC CACAGCCATGTCTCACTT 57 58 0.15 
elav GGCTTTGTTGGTCTTGAAGC AGGATCCCACAACGAATCAG 143 58 0.15 
rp49 ATCGGTTACGGATCGAACAA GACAATCTCCTTGCGCTTCT 165 58 0.15 
7sl TTGGCTAAGGAGGGATGAAC CTACTGCCTACCACGGGAAC 70 58 0.15 
P-element F ACGCTTCACGTCCAATTCAT GCTATCGACGGGACCACCT 276 56 0.5 
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10. PCR and electrophoresis 
Polymerase chain reaction (PCR) was carried out with 1U GoTaq Flexi DNA 
Polymerase (Promega), 1x Green GoTaq Reaction Buffer (Promega), 5 mM MgCl2 
(Promega), 0.5 mM dNTPs (Thermo Scientific), 0.5 µM of each oligonucleotide primer, 2.5 
ng/µl of cDNA and ddH2O up to 50μl. Reactions to obtain DNA templates for in vitro 
transcription were performed in a 48-well TPersonal Thermocycler (Biometra) with the 
program described in Table 2. 
All the PCRs were performed using cDNA of S2 cells as template except the Red 
fluorescent protein (DsRed) DNA was obtained by PCR on the vector pIRES2 DsRed-EGFP 
kindly donated by Prof. Bin Tian using conditions described in Table 2.  
PCR products were analysed by gel electrophoresis on a 1.5% TAE-agarose gel 
stained with SybrSafe DNA gel stain (Invitrogen) and using the GeneRuler DNA Ladder Mix 
(Thermo Scientific) under the UV light of a Gel Doc XR+ system (Bio-Rad). 
11. PCR products purification 
Purification of the PCR products was performed using the QIAquick PCR Purification 
Kit according to the manufacturer’s instruction (Qiagen). The concentration of the products 
was measured using NanoDrop 1000 Spectrophotometer (Thermo Scientific) and the quality 
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Table 2. Sequences and oligonucleotide conditions used to amplify DNA templates for in vitro transcriptions. T7 promoter sequence is represented by the small letters 
and the sequence of the oligonucleotide that is specific for target gene amplification is in capital letters. Amplified product length (bp), and thermal cycler program are also 
described.  





Oligonucleotide reverse 5’->3’ 
Product length 
(base pairs) 

















 3 cycles (95ºC-30sec; 56ºC-30sec; 72ºC-1min) 
5 cycles (95ºC-30sec; 61,5ºC-30sec; 72ºC-1min)   









3 cycles (95ºC-30sec; 58ºC-30sec; 72ºC-1min)  
5 cycles (95ºC-30sec; 61,5ºC-30sec; 72ºC-1min) 









 3 cycles (95ºC -30sec; 56ºC-30 sec; 72ºC -1min) 
 5 cycles (95ºC-30sec; 58ºC-30 sec; 72ºC -1min) 
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12. dsRNA synthesis 
Double-stranded RNA was generated by in vitro transcription using the MEGAscript T7 
Kit (Ambion). Briefly, DNA with opposing T7 promoters at the 5’ends of each strand was 
used as template and a single transcription reaction was performed. Each reaction contained 
1 µg of DNA template, 1x T7 Enzyme Mix, 1x Reaction Buffer, 7.5 mM of each 
ribonucleotide and RNase-free water up to 25µl. The reaction components were added 
according to manufacturer’s instruction, mixed gently and incubated at 37°C for 16 hours. 
The dsRNAs were purified with the PureLink RNA Mini Kit (Ambion) following the 
manufacturer’s instructions for the purification of RNA from liquid samples. Succinctly, to one 
volume of liquid sample, one volume of lysis buffer with β-mercaptoethanol and one volume 
of 96-100% ethanol were added. The reagents were mixed by pipetting up and down and 
the mixture was transferred to a spin cartridge and centrifuged at 12.000 × g for 15 sec at 
room temperature. Wash Buffer II with ethanol (500 μl) was added to the each spin cartridge 
and centrifuged at 12.000 × g for 15 seconds at room temperature. The spin cartridge was 
once again centrifuged at 12.000 × g for 1 minute at room temperature to dry the RNA-
bound membrane. Each spin cartridge was left at room temperature for 1min after adding 
RNase-free water (30µl) to its centre and centrifuged for 2 min at 12.000 × g (room 
temperature) to elluted the RNA into the recovery tube. 
Finally, to anneal the newly in vitro transcribed RNA strands, the reaction mix was 
incubated in a 48-well TPersonal Thermocycler (Biometra) with the following program: 96ºC 
for 5 min and 1 min for each further cycle decreasing the temperature by 1ºC sequentially 
until 24ºC. The concentration of dsRNA was quantified by measuring the absorbance of a 
1:10 dilution of the sample at A260. The quality of the dsRNA was evaluated on 1% agarose 
gel. 
13. RNAi in Drosophila S2 cells 
Drosophila S2 cells were sub-cultured to 1x106 cells/ml in 5 ml of regular growth medium 
and allowed to proliferate for 48 hours. Cells were then homogenised and counted (1:1 
mixture of cell suspension and 0.4% Trypan blue (Invitrogen)) on a TC10 automated cell 
counter (Bio-Rad). If the cell number corresponded to an exponential 4x106cells/ml, cells 
were centrifuged and resuspended in culture medium without FBS to a final concentration of 
1x106 cells/ml. The cell suspension was distributed to each well of a 6-well plate (1x106 
cells/well) and the dsRNAs were added drop-wise while mixing by swirling. After 60 min at 
25ºC, 2 ml of regular growth medium was added to each well. The concentration of each 
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dsRNA and respective incubation time was optimized for every target. dsRNA for DsRed, 
which codes for red fluorescent protein of Discosoma sp., was used as a control to 
distinguish sequence-specific silencing from non-specific effects in the RNAi experiment, 
since it does not target any known mRNA in the cell.  
14. Statistical analysis  
The significance of differences was determined by two tailed Student’s t-test analysis 
with 95% confidence intervals, calculated with GraphPad Prism 6 (GraphPad Software). 
Differences were considered to be statistically significant if p<0.05. 
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III. Results 
1. USE1 affects polo alternative polyadenylation pattern 
A. Model establishment  
The USE1 of polo was found to influence polyadenylation reaction in vitro (unpublished 
data) but its function in vivo had yet to be identified. For that purpose, we used different 
transgenic lines w1118;gfp-polo;polo9/TM6B (gfp-polo), w1118;gfp-poloΔpA1;polo9/TM6B 
(ΔpA1) and w1118;gfp-poloΔUSE1;polo9/TM6B (ΔUSE1) already available in the laboratory. 
To confirm and detect the presence of the transgene in the fly strains used, we performed a 
PCR using speciﬁc oligonucleotides to amplify a fragment of gfp in all the transgenic lines. 
Figure 9A shows that it is possible to amplify gfp in gfp-polo transgenic line, confirming that 
the pW8-gfp-polo transgene was inserted in the genome. This analysis was also performed 
in all the other transgenic flies (data not shown) and it was observed that all the fly stocks 
carry the specific transgene. Flies carrying the transgenes were generated in a polo9/TM6B 
background. polo9 contains a P-element inserted downstream of the second transcription 
start site of polo and it is the strongest hypomorphic allele described to date. As a 
consequence, both polo mRNAs production is affected and homozygous individuals for polo9 
die at late third instar larval stage. Pinto et al. determined that polo mRNA and subsequently 
protein levels contributed by the transgenes were sufficient to rescue the third instar larval 
lethal phenotype exhibited by polo9 individuals in the transgenic lines w1118;gfp-polo;polo9, 
w1118;gfp-poloΔpA1;polo9 and w1118;gfp-poloΔUSE1;polo9. Moreover, Pinto et al. established 
that the transgenes were responsible for almost all polo mRNA levels in all the transgenic 
lines and that endogenous polo mRNA contribution was insignificant (56). To verify that all 
the transgenic lines still have the same features they had when created, oligonucleotides in 
the polo 5’ UTR and inside the P-element were designed and used (Fig. 9B) to detect the 
presence of the P-element as well as the direction in which it was inserted. Figure 9B shows 
that the transgenic lines carrying pW8-gfp-polo also have the polo9 mutant allele. The same 
analysis was done in the other transgenic flies and it was possible to amplify the fragments 
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Figure 9. Transgenic flies contain the transgene and the polo9 allele. Whole bodies of adult gfp-polo flies were 
collected and the genomic DNA of single flies was extracted to perform the PCR reactions. Oligonucleotide pairs used to 
amplify a fragment of gfp and a portion between polo 5’UTR and the beginning of the P-element were design as depicted in the 
figure. The arrows indicate the bands that confirm the presence of gfp and polo9, respectively. M - DNA ladder; NTC – No 
template control; C+-positive control gfp-polo, ΔpA1 and ΔUSE1flies. 
At this stage, it was possible to conclude that our model was suitable to study the 
influence of the USE1 in polo alternative polyadenylation.  
B. Real-time PCR (qPCR) optimization 
All the oligonucleotides had to be optimized to reliably quantify polo mRNA 
expression levels by qPCR. This included optimization of the oligonucleotide pair to measure 
total polo mRNA levels (pA1+pA2), the oligonucleotide pair to measure only the longer 
isoform (pA2) and the oligonucleotide pair to amplify an endogenous control. Annealing 
temperature was first optimized for each oligonucleotide pair by doing a gradient PCR. 
Secondly, a standard curve was performed to each primer pair using cDNA serial dilution 
(1:10), and the annealing temperature was adjusted using qPCR when necessary. The 
cDNA dilutions ranged from the lowest to the highest expression levels of each target (see 
Material and Methods). Under specific conditions (see Table 1), all the oligonucleotide pairs 
tested had an efficiency of 2, i.e. 100% efficiency, which allowed using the ∆CT method and 
2-ΔΔCt method (see Material and Methods) in the subsequent data analysis of the 
quantification of gene expression by RT-qPCR.  
Before quantifying polo mRNA isoforms, it was necessary to select a gene that could 
be used as an endogenous control. Ribosomal protein L32 (rp49) and Signal recognition 
particle (7SL) are housekeeping genes described in the literature as commonly used in 
A B 
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Drosophila. Thus, we measured the CT values of rp49 and 7SL mRNA expression in all of 
the transgenic lines. Although the CT values of 7SL mRNA expression differed among the 
transgenic lines, the CT values of rp49 mRNA expression were similar in all of the transgenic 
lines. Therefore, ΔCT (CT(target)-CT(control)) was close to zero in the housekeeping gene rp49 
(Table 3) meaning that its expression is not affected by the experimental treatment under 
study and it can be used as an endogenous control of the experiment. 
Table 3. Quantification of rp49 mRNA levels in male bodies of two different transgenic lines and comparison with the 
control, w1118; gfp-polo; polo9.  




C.  Quantification of polo mRNA isoforms expression levels by RT-qPCR 
polo mRNA isoforms expression levels were quantified by RT-qPCR using the primer 
pairs whose optimization was described in the previous section. Quantifications were done in 
male bodies of w1118; gfp-polo; polo9 flies, w1118; gfp-poloΔpA1; polo9 flies and w1118; gfp-
poloΔUSE1; polo9 flies (herein referred as gfp-polo, ΔpA1 and ΔUSE1). Data analysis is 
presented using the ΔCT method using a reference gene (see calculations in Material and 
Methods). As previously mentioned, rp49 expression levels were not affected between 
strains therefore this gene was used as endogenous control. Regarding gfp-polo, there is a 
strong difference between the total polo mRNA expression levels and those of the longer 
isoform (~27-fold) (Figure 10). Since total levels correspond to pA1+pA2 mRNAs 
Figure 10. polo mRNA isoforms expression levels in gfp-polo, ΔpA1 and ΔUSE1 transgenic lines. RT–qPCR 
quantiﬁcation was performed using real-time PCR oligonucleotides positioned as shown on the right of the graph. Error bars 
show SEM from at least three independent experiments for ΔpA1 and ΔUSE1 and two individual experiments for gfp-polo. 
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and the expression levels of pA2 mRNA are reduced, we can conclude that the pA1 mRNA 
isoform is the most expressed, which is in agreement with previous observations (58). When 
compared to gfp-polo, total polo levels in ΔpA1 flies are dramatically reduced (~23-fold), with 
a strong reduction in polo pA1 mRNA as expected, since the pA1 signal is mutated in this 
transgenic line. Importantly, there was also a reduction in total polo levels in the ΔUSE1 flies 
when compared to gfp-polo that, although not as pronounced as in ΔpA1, still corresponded 
to a ~5-fold decrease. The levels of the longer isoform did not suffer any significant change 
(Figure 10), indicating that pA1 usage is compromised in both ΔpA1 and ΔUSE1 flies.  
2. USE-binding proteins influence polo pA site selection 
 Having established that USE1 deletion correlates with a decrease in polo pA1 mRNA 
isoform production, we then addressed the role of the proteins that bind polo USE1: hnRNP 
C, HuR and PTB. Using RNAi-mediated silencing, we knockdown their correspondent 
Drosophila homologues elav and heph mRNAs in S2 cells and asked if this affected the 
production of polo mRNA isoforms. Oligonucleotides were designed and optimized to 
knockdown cg42458, the Drosophila homologue of hnRNP C, but this experiment is still 
ongoing.  
A. In vitro transcriptions and real-time PCR (qPCR) optimization 
Oligonucleotides were designed to amplify DsRed, (used as a control to distinguish 
sequence-specific silencing from non-specific effects in the RNAi experiment), cg42458, elav 
and heph, whose products were subsequently used as DNA template for in vitro 
transcriptions. The first step was to amplify DNA with opposing T7 promoter sequence at the 
5’end of each strand (Figure 11A).  After DNA amplification, the fragments were purified 
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Figure 11. Amplification of DsRed using oligonucleotides with opposing T7 promoter sequence at the 5’ end of each 
strand. Total RNA was isolated from Drosophila S2 cells and the cDNA was synthetized using random hexamers. (A) DsRed 
fragment before purification (B) DsRed fragment after purification M - DNA ladder; NTC- No Template Control. 
Finally, DNA fragments were in vitro transcribed (Figure 12 lanes 1 and 2), treated 
with DNase (Figure 12 lanes 3 and 4), cleaned-up and annealed to produce dsRNA. The 
newly in vitro transcribed RNAs (Figure 12 lanes 5 and 6) were subsequently used to 







Simultaneously, oligonucleotides to measure the mRNA expression levels of these 
target genes by RT-qPCR were designed and optimized (see Material and Methods). All the 
oligonucleotide pairs had an efficiency of 2, which corresponds to the maximum efficiency. 
Secondly, it was necessary to confirm that the rp49, used as endogenous control in 
the experiences with flies, was also the best endogenous control to use in this set of 
experiments in S2 cells. This was achieved by measuring the CT values of rp49 mRNA 
expression in all of the conditions, control and knockdown samples, respectively.  
Figure 12. DsRed and elav dsRNA integrity during and upon in vitro transcription  1 and 2 Before the DNase 
treatment; 3 and 4 After the DNase treatment; 5 and 6 After RNA Clean-up and annealing (See dsRNA synthesis in 
material and methods). 
A B 
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Figure 13.  Efficiency of RNAi-mediated silencing of elav. elav mRNA expression levels  were measured after 72 and 96 
hours of incubation with dsRNA using RT-qPCR with elav specific primers and rp49 was used as a reference gene. Fold 
induction over DsRed was assessed (DsRed was set to 1). The results include one experiment at 72 hours and three 
individual experiments at 96 hours (p value< 0. 01).  
 
Table 4. Quantification of rp49 expression levels in two target samples, elav and heph knockdown (KD) and comparison 
with the sample treated with DsRed (control). 
Target genes ΔCT (CT(target)-CT(rp49)) 
elav KD 0.048 
heph KD 0.2 
 
As rp49 expression level proved to be constant across all the samples, i.e. ΔCT is 
close to zero, it was used as endogenous control in these experiments. 
B. RNAi-mediated silencing of elav causes a decrease in polo pA2 mRNA levels  
Function of the USE1-binding proteins in polo mRNA isoforms production was 
addressed using RNAi-mediated silencing of those proteins in Drosophila S2 cells. As a 
control, cells were transformed with a dsRNA of DsRed that does not target any known 
mRNA in the cell (see Material and Methods).  
In the first experiment, we seeded S2 cells in12-well plates, with 0.5x106 cells in each 
well, and when samples were collected after 72 hours, we could not isolate sufficient RNA to 
perform the analysis. Therefore, the following experiments were all done in 6-well plates. 
First it was necessary to optimize the concentration of dsRNA and the time of incubation for 
each knockdown target, as the efficiency of RNAi knockdown varies from gene to gene. The 
knockdown efficiency in each time-point was determined by RT-qPCR. After 72 hours, 32% 
of elav knockdown was achieved while after 96 hours of incubation, 49±4% of elav 
knockdown was obtained (p value< 0.01) (Fig. 13).  
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After an incubation of 96 hours with elav dsRNA, both polo mRNA isoforms were 
measured by RT-qPCR and it was observed that the ~50% decrease in elav mRNA levels 
had a strong impact in polo mRNA isoforms production. 
Figure 14 shows that there was a significant reduction in the levels of the pA2 mRNA 
isoform, which decreased by 78±30% (p value<0.05) while there was a non-statistically 
significant increase of total polo mRNA levels. 
 
 
These results show that elav knockdown had an effect in polo mRNA isoforms 
expression levels, specifically by strongly reducing the expression of the longer isoform 
produced by pA2 usage, indicating that elav has a function in polo APA. 
C. RNAi-mediated silencing of heph causes a decrease in polo pA2 mRNA levels 
Having established the role of Elav in polo APA, we then wanted to investigate the 
role of the other USE-binding proteins. The function of Heph in polo mRNA isoforms 
production was also analysed using RNAi-mediated silencing of heph in S2 cells. The 
concentration of dsRNA and the incubation times used were the same as those for elav 
silencing. Cells were incubated with the correspondent dsRNA, using DsRed as a control, 
collected after 72 and 96 hours and the knockdown efficiency was quantified in both 
samples. After 72 hours of treatment, 73% of heph knockdown was determined while after 
96 hours, 89% of heph knockdown was achieved (Figure 15).  
Figure 14. polo pA2 mRNA expression is decreased after elav knockdown polo mRNA isoforms expression levels  were 
measured using RT-qPCR with specific oligonucleotides targeting both polo mRNA isoforms and the longer isoform as depicted. rp49 
was used as a reference gene. Fold induction over DsRed  was displayed (DsRed was set to 1). The graph shows the expression 
levels of polo pA1+pA2 mRNA isoforms and the expression levels of polo pA2 mRNA, after 96 hours of elav knockdown. The results 
include three individual experiments (p value<0.05). 
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After 96 hours of incubation with heph dsRNA, both polo mRNA isoforms were 
quantified by RT-qPCR. It was observed that the 89% decreased in heph mRNA levels also 
had a strong impact in polo mRNA production. Figure 16 shows that there was a substantial 
reduction in the levels of the pA2 mRNA isoform, which decreased by 60% and there was a 
small increase in total polo mRNA levels. 
 
Figure 16. polo pA2 mRNA levels are decreased after heph knockdown polo mRNA isoforms expression levels were 
measured using RT-qPCR with specific oligonucleotides targeting both polo mRNA isoforms and the longer isoform. rp49 was 
used as the reference gene. Fold induction over DsRed  was displayed (DsRed was set to 1). The graph shows the expression 
Figure 15. Efficiency of RNAi-mediated silencing of heph. heph mRNA expression levels  were measured after 72 and 96 
hours of incubation with dsRNA using RT-qPCR with heph specific primers and rp49 was used as a reference gene. Fold 
induction over DsRed was assessed (DsRed was set to 1). The results include one experiment. 
. 
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levels of polo pA1+pA2 mRNA isoforms and the expression levels of polo pA2 mRNA, after 96 hours of heph knockdown. The 
results include one experiment. 
. 
Our results clearly show that both HuR/Elav and PTB/Heph have a role in polo 
APA in Drosophila S2 cells. 
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IV. Discussion and future perspectives 
1. USE1 affects polo pA1 mRNA expression levels  
Polo expression levels are critical to Drosophila development (56) and by APA, polo 
produces two transcripts that have different translational efficiencies. The presence of the 
pA2 mRNA isoform was found to be essential for fly viability but the pA1 mRNA isoform also 
showed to be important for the correct formation of the abdomen, indicating that the 
maintenance of correct transcript levels is crucial to the accurate organism development.  
In the first part of this thesis, the impact of USE1 in the expression levels of polo 
mRNA isoforms was assessed by quantifying polo mRNA in all the Drosophila transgenic 
lines: w1118; gfp-polo; polo9/TM6B, w1118; gfp-polo∆pA1; polo9/TM6B and w1118; gfp-polo∆USE 
1; polo9/TM6B. ΔpA1 and ΔUSE1 flies show a similar trend in polo mRNA isoforms 
expression pattern, which is consistent with the similarities between their abdomen 
phenotype and suggests a role for USE1 in polo pA1 site usage. In the flies where pA1 was 
mutated, a strong reduction in the total amount of polo mRNA was observed when compared 
to gfp-polo flies, but there is no significant change in the pA2 isoform levels detected. This 
indicates a strong decrease in the pA1 isoform expression levels. This was expected, 
because the pA1 signal was mutated (ATTAAA to GTTAAC) in order to be non-functional.  
Neverthless, it is still possible to quantify total polo in ΔpA1 flies. It was already described 
that important regions for pA signal recognition (USEs) can retain residual levels of 
polyadenylation activity even in the absence of a functional pA signal sequence (44) and this 
may contribute to the small total polo mRNA levels detected in this strain Also, it was 
previously described that when a given pA signal is mutated or deleted, an activation of 
other cryptic pA signals nearby might occur (98). This is also a possible explanation for the 
total polo levels detected in the ΔpA1 flies since polo has a cryptic pA signal between the 
pA1 and pA2 signals (Moreira, unpublished data). In the future, oligonucleotides should be 
designed in order to address if this cryptic signal is being used and if it contributes to the 
total polo quantification in these flies.  
Although the decrease in total polo levels in the ΔUSE1 flies was not as marked as it 
was in the ΔpA1 flies, the trend observed is the same, with a ~5-fold decrease in the total 
polo levels, when compared to gfp-polo flies. When expressed, the isoform produced using 
pA2 appears at very low levels, giving no information about the role of USE1 in its 
production. Therefore, the strong reduction in total polo mRNA levels with the simultaneous 
unchanged pA2 mRNA isoform levels indicates a strong decrease in the pA1 mRNA isoform 
expression levels in the absence of USE1.  
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According to the literature, the main feature of mRNA 3’ end formation is the 
presence of the pA signal, which is still present in ΔUSE1 flies (11) and can explain the pA1 
isoform that is still being produced. It is also important to highlight that several studies 
indicated that in genes with more than one USE, as in the case of polo, these sequences 
seem to act synergistically (46), therefore it is possible that the other USEs are capable of 
inducing polyadenylation at the proximal pA signal even if at very low levels. Another 
interesting aspect to point out is that when measuring the influence of USEs in the 3’ end 
formation, mutation in a given USE is usually responsible for an approximately 50% 
reduction in polyadenylation (46). Here, we show that deletion of polo USE1 is responsible 
for an 80% decrease in total polo mRNA levels.  
USEs had already been shown to increase mRNA 3’end formation efficiency in 
humans, for instance in cox-2 (46), IgM secretory (44) and OASE (99), pro-thrombin and C2 
complement (100). Although USEs were only documented in a small number of genes, 
Legendre and Gautheret showed that these sequences are found in a large number of 
genes (19). It has been suggested that auxiliary elements play a major role in recruiting or 
stabilizing the polyadenylation machinery on suboptimal pA signals (44). Based on our 
results we now propose that the function of USEs is conserved in Drosophila.  
2. HuR/Elav and PTB/Heph modulate polo APA 
It had been previously shown that HuR, PTB, hnRNP C and CstF-64 bind to polo 
USE1, by UV cross-linking assays, using HeLa cells nuclear extracts, followed by 
immunoprecipitations. (61). The assays were conducted using HeLa cells nuclear extracts 
due to the lack of a suitable in vitro Drosophila system. Therefore, in the second part of this 
thesis, the function of HuR/Elav and PTB/Heph in polo mRNA isoforms expression levels 
was investigated using RNAi methodologies in Drosophila S2 cells. 
Our results clearly show that the ~50% elav knockdown is responsible for a 78% 
decrease in polo pA2 mRNA isoform expression levels. Since there was no significant 
difference in the total amount of polo mRNA even with a strong decrease in the levels of the 
longer isoform, this suggests an increase in the level of the shorter isoform. This result 
indicates that Elav has a negative effect in polo pA1 recognition and consequently, 
influences in pA2 usage. It is possible that by blocking pA1, Elav allows RNA polymerase II 
(PolII) to read-through resulting in more production of the longer isoform. In fact, the 
inhibition of mRNA 3’ end processing through Elav binding at the vicinity of a pA site was 
already described in the fly (69). Moreover, it has been recently shown that Elav inhibits 
proximal pA signals to coordinate the expression of 3’ UTR extensions observed during 
neural development (66). The heph knockdown induced a 60% reduction in pA2 mRNA 
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levels, with an 18% increase in the total amount of polo mRNA, which also indicates an 
increase in the pA1 isoform. 
Remarkably, depletion of both proteins has a similar effect in the expression of polo 
mRNA isoforms, which indicate that these proteins might be assembled in a complex. If this 
is the case, depletion of either protein inhibits the protein complex assembly and binding to 
the USE1, ultimately resulting in a decrease in the levels of the longer isoforms.  
USEs were described as being capable of stabilizing the C/P machinery protein 
complexes (2, 101), enabling a higher mRNA 3’end efficiency. Whenever Elav and/or Heph 
are expressed, their interaction with the USE1 would supress the first pA signal and allow 
read-through of the elongation complexes, resulting in the production of the longer isoform 
(Figure 17). 
 
Figure 17. Schematic representation of the proposed effect of Elav and Heph in the usage of the two polo pA 
signals. Elav and Heph bind to U-rich upstream sequence element (USE1) in polo mRNA in the vicinity of the proximal pA 
signal and may play an inhibitory role in pA1 recognition by the basal C/P machinery, in a given cellular environment.  
 
A possible explanation for the results presented in this thesis could be that Elav 
and/or Heph bind to the USE1 and compete with the basal C/P machinery impairing the 
assembly of its core protein complexes and as such preventing 3’ end formation at pA1. As a 
consequence, usage of the proximal pA signal would decrease, favouring the production of 
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the longer mRNA isoform. The levels of this mRNA isoform determined were consistently 
very low in adult flies, therefore, in the future, it will be necessary to test a system with higher 
levels of the longer isoform. Since polo is highly expressed in the brain during the third instar 
larval stage, neuroblasts might provide such a system (58, 102), as well as the abdominal 
histoblasts cells, as pA2 levels are critical for their proliferation (56). Neuroblasts or 
histoblasts of the transgenic flies could then be used to show that in a system with higher 
levels of pA2, ΔUSE1 flies will display a reduction in polo pA2 mRNA isoform levels. These 
results would also support a role for USE1 in pA2 signal usage apart from its role in polo 3’ 
end formation at the proximal pA site. Interestingly, Pedro Pinto observed that CstF-64, an 
important member of the basal C/P machinery, binds upstream of the polo pA1.  
Competition between USE-binding proteins and C/P machinery was also found to 
occur in the C2 complement (103), which has an USE that also binds PTB. Castelo-Branco 
et al. showed that PTB competes with CstF for binding to the C2 complement USE 
sequence. As a consequence, high levels of PTB displace CstF binding and cause a 
negative effect in polyadenylation (42). Interestingly, PTB/Heph also binds polo USE1, 
suggesting that a similar mechanisms could occur. Additionally,  it has been previously 
shown that interactions between Hu proteins and C/P core machinery prevent the interaction 
between the CstF-64 subunit and the RNA (70). It will be interesting to further explore this 
hypothesis, since Drosophila’s Elav can induce 3’extension in a variety of cell types (2). 
Since pA2 mRNA has a higher translation efficiency (56), competition for USE1 binding 
could represent a possible mechanism through which the recognition and usage of the distal 
pA site is favoured to ensure the required Polo levels for fly survival (56), in a given cellular 
environment. The results obtained are in agreement with this model, since elav or heph 
depletion in Drosophila S2 cells by RNAi, reduced the levels of the longer isoform and 
increased the shorter isoform.  
We cannot rule out the possibility of an RNA-binding protein to be differentially 
regulating the mRNA stability of both transcripts. In fact, hnRNP C, which is involved in 
mRNA stability (90) also binds USE1. The role of this protein in polo polyadenylation pattern 
could be inferred via the quantification of each polo isoforms’ stability upon hnRNP C 
depletion via RNAi in Drosophila Schneider cells.  
The results obtained throughout this thesis show that polo USE1 modulates APA in 
vivo. In Drosophila, the proteins that bind polo USE1, Elav and Heph, were shown in this 
work to be important to maintain the correct levels of each transcript. These, in turn are 
known to play an important role in the production of the appropriate Polo protein levels, 
ultimately promoting the normal development of the fly (1). It is likely that polo APA is under 
the influence of these USE-binding proteins expression pattern. This is one of the first 
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reports that provide evidence for the role of USEs in vivo revealing a new level of 
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